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Abstract
Composite Higgs models, where the Higgs boson is identified with the pseudo-Nambu-Goldstone-Boson
(pNGB) of a strong sector, typically have light composite fermions (top partners) to account for a light Higgs.
This type of models, generically also predicts the existence of heavy vector fields (composite gluons) which
appear as an octet of QCD. These composite gluons become very broad resonances once phase-space allows
them to decay into two composite fermions. This makes their traditional experimental searches, which are
designed to look for narrow resonances, quite ineffective. In this paper, we as an alternative, propose to
utilize the impact of composite gluons on the production of top partners to constrain their parameter space.
We place constraints on the parameters of the composite resonances using the 8 TeV LHC data and also
assess the reach of the 14 TeV LHC. We find that the high luminosity LHC will be able to probe composite
gluon masses up to ∼ 6 TeV, even in the broad resonance regime.
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1 Introduction
The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] has propelled us to the era of
Higgs property measurements. Whether the discovered Higgs boson is an elementary or a composite object
is an outstanding question, and would be at the cynosure of attention in the second run of the LHC which is
about to start in a few months. In this context, models where the Higgs boson is a pNGB of a global symmetry
spontaneously broken by a strongly coupled sector, represent well motivated scenarios of electroweak symmetry
breaking containing a composite Higgs. [3–5] (see Ref. [6] for a recent review).
In the models where the Standard Model (SM) fermion masses are generated by the partial compositeness
mechanism [7], the strong sector must contain fermionic colored resonances. These, so called, top partners,
are crucial to ensure the finiteness of the SM fermion contributions to the radiatively generated potential for
the pNGB Higgs [5, 8]. These resonances are expected to be light in order to reproduce the observed mass of
the SM Higgs boson without introducing additional tuning into the model [9–13], and their direct search at the
LHC [14, 15] already constrains them to be heavier than & 800 GeV.
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Since the top partners are coloured, generically one expects the presence of coloured vector resonances as
well. In this paper we focus on the indirect constraints on the composite vector fields (composite gluons) which
are in the adjoint representation of SU(3)Color. They can be identified with the Kaluza-Klein (KK) excitation
of the SM gluons in the five-dimensional realizations of the composite scenarios [5]. The two loop contribution
of these composite gluons to the Higgs potential is known to soften the fine-tuning in these models [16].
However, the low energy flavour violating observables, especially K in the K0 −K0 system, were shown to
strongly prefer the mass of the composite gluon to be mρ & 10− 30 TeV [17–20], thus making it impossible to
produce them at the LHC. Introduction of flavour symmetries [21–26] can make these vector resonances light
while being compatible with the flavour observables. In this work, however, we will not rely on any additional
symmetries in the flavour sector and assume that there are cancellations among different contributions, allowing
the composite gluons to be light and hence, accessible at the LHC.
If the decay of the composite gluon to the top partners is kinematically allowed, typically large couplings
of the strong sector imply that the composite gluon will have large width, comparable to its mass. In that
case, the traditional approach to search for heavy gluons through resonance hunting may prove ineffective [27].
However, as we will elaborate in this work, these broad resonances can be cornered by several other (cut-and-
count) searches being carried out at the LHC. In particular, the gluon partners contribute to the top partner
pair production cross-section and this can be used to put useful constraints on them [27]1. In this paper we
adopt this approach and recast the studies carried out to search for top partners to constrain the composite
gluon parameter space. In particular, our study will focus on the indirect bounds on the parameter space of
the composite gluons from the top partner searches with the same sign dilepton final state by the ATLAS [28]
and CMS [29] collaborations2. We will also study the reach of the 14 TeV LHC. Recently this strategy was
also used in the phenomenological study of Ref. [30], which however was focused on the parameter space
with a narrower decay width of the composite gluon. For some other related studies, we refer the reader to
Refs. [31–37].
The rest of this paper is organized as follows. In Section 2 we will present the Lagrangian of our simplified
model and briefly discuss the branching ratios of the composite gluon to various top partners. In Section 3 we
will discuss the subtleties involved in dealing with broad resonances. The details of our numerical simulation
will be presented in section 4. We will present our main results in section 5 and conclude thereafter.
2 The model setup
In this section we present the basic structure of our model. We assume that the global symmetry breaking pat-
tern leading to the pNGB Higgs is given by the SO(5)/SO(4) coset. This is the minimal coset that contains an
unbroken custodial symmetry. We will assume that the SM fermion masses are generated by the partial compos-
iteness mechanism. The simplified two-site construction [40] will be utilized to describe the phenomenology of
the lightest composite resonances. In particular, we will be interested in the phenomenology of the fermionic
top partners and the partner of the SM gluon - the composite gluon and we will ignore the rest of the composite
resonances. For concreteness we focus on the M45 model presented in [41], minimally extended by the inclu-
sion of the composite gluon. In this setup the top partners belong to the 4 of SO(4) appearing as a part of 5 of
1In principle this type of analysis can be used even for the narrow resonance searches however, if the resonance is within the
kinematic reach bump-hunting may be a better search strategy.
2While we considered only the same-sign di-lepton channel in our analysis, there are also other channels (e.g., final state with top
quarks decaying hadronically) which can be potentially important [38, 39].
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SO(5).3 The relevant Lagrangian is given by
LM45 ⊃ −MQQ¯Q+ yf(ΨL)IUIiQiR + yc2f(ΨL)IUI5tR , (1)
where Q is the the composite multiplet in the representation 4, the ΨL contains the SM left-handed quark
doublet and UI is the non-linear representation of the pNGB Higgs and tR is assumed to be a fully composite
state. Generically the lightest state is the field with charge 5/3. One of the interesting features of this particle is
that it decays with 100% branching ratio into the tW final state which, after the further decay of the top quark,
leads to the same sign di-lepton final state. This interesting feature was used recently in the experimental
studies to put bound on the mass of the fermionic top partners, M5/3 & 800 GeV [29]. Note that this bound
was obtained assuming only the QCD pair production of the charge 5/3 field. Later it was realized that the
electroweak single production of the charge 5/3 field can also lead to the same final state, thus making the
overall bound even stronger [41, 43].
In this paper we follow a very similar approach and study the constraints from the additional mechanism for
pair production of the charge 5/3 field namely, processes mediated by the composite gluons. Note that in the
modelM45 we have one state with charge 5/3, one state with charge−1/3 and two top-like states with electric
charge 2/3. We will denote these states by X5/3, B−1/3, T 12/3 and T
2
2/3 respectively (see Appendix C for the
details of the model setup).
The interaction of the composite gluons can be read off from the two-site model of the Ref. [40] and is given
by,
Lgauge = gQCDAµ
(Q¯γµQ+ Ψ¯LγµΨL + t¯RγµtR)
+ρµ
√g2∗ − g2QCD (Q¯γµQ+ t¯RγµtR)− g2QCD√
g2∗ − g2QCD
Ψ¯Lγ
µΨL
 . (2)
Hence, the interaction of the composite gluon ρ in the limit g∗  gQCD can be written as
≈ ρµ
[
g∗
(Q¯γµQ+ t¯RγµtR)− g2QCD
g∗
Ψ¯Lγ
µΨL
]
. (3)
Similarly the couplings between the other SM fermions (which we assume to be elementary) and the composite
gluon are equal to
− g
2
QCD√
g2∗ + g2QCD
≈ −g
2
QCD
g∗
. (4)
One can see that the coupling of the elementary fermions to the composite gluon is suppressed (compared
to the coupling to the SM gluon) by the factor gQCDg∗ which can be calculated in the explicit warped five-
dimensional models and is given by g∗gQCD ∼
√
log MPlTeV ∼ 6 [44]. Note that Eq. 2 is written in the two-site basis,
before the diagonalization of the fermion mass matrix. The elementary left-handed top quark mixes strongly
with the composite sector due to the yf term in the Lagrangian, see Eq. 1, and it is convenient to introduce
the parameter (sine of the mixing angle between tL and composite fields in the absence of the electroweak
symmetry breaking),
sL ≡ f
2y2√
f2y2 +M2Q
, (5)
3This is the minimal construction which has a custodial protection for the large modifications of the Zb¯LbL coupling [42].
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to measure of compositeness of the left-handed top.
Let us summarize some basic properties of the composite gluons that are important for phenomenology [40].
Throughout this paper we will assume that all the light quarks (except for the bottom) are elementary. Thus,
the dominant production of the composite gluon (ρ) will be by the process qq¯ → ρ with the coupling constant
g2QCD√
g2∗−g2QCD
. Once produced, ρwill decay predominantly into composite states due to the large coupling constant
g∗. In this work we will assume that only the SM fermions of the third generation mix strongly with the
composite sector 4. The channels contributing to the signal in the same sign di-lepton final state, with some
typical values of the branching fractions are given by:
pp→ ρ→ X5/3X¯5/3(X5/3 → tW )
Br(ρ→ X5/3X¯5/3) ∼ 0.2− 0.25, Br(X5/3X¯5/3 → same sign leptons) ∼ 0.09
pp→ ρ→ B−1/3B¯−1/3(B−1/3 → tW )
Br(ρ→ B−1/3B¯−1/3) ∼ 0.07− 0.15, Br(B−1/3B¯−1/3 → same sign leptons) ∼ 0.09
pp→ ρ→ T2/3T¯2/3(T2/3 → tZ, T2/3 → th),
Br(ρ→ T 12/3T¯ 12/3) ∼ 0.08− 0.15, Br(ρ→ T 22/3T¯ 22/3) ∼ 0.2− 0.25,
Br(T2/3T¯2/3 → same sign leptons) ∼ 0.02. (6)
It can be seen that the same sign di-lepton (electrons and muons only) final state will get the dominant contribu-
tions from the 5/3 and −1/3 fields. The contribution of the top-like fields is not negligible, however it is much
smaller than the effect of the 5/3 field and hence, we ignore them in our analysis. The other major branching
ratios for the composite gluon are:
Br(ρ→ T 22/3t) ∼ 0.03− 0.06, Br(ρ→ tt) ∼ 0.11− 0.2
Br(ρ→ B−1/3b) ∼ 0.01− 0.05, Br(ρ→ bb) ∼ 0.01− 0.07. (7)
3 Analysis strategy
As we mentioned before, the goal of our study is to find the constraints coming from composite gluon mediated
contribution to the top partner pair production. However, owing to the large coupling the decay width of the
composite gluon is often comparable to its mass in the large region of the parameter space we are interested
in. This invalidates the approximation of a narrow Breit-Wigner resonance for computation of the cross section
(for earlier studies of the wide width effects of the composite gluon resonances, see Refs. [46–48]). Indeed the
partonic cross section is proportional to
σ(sˆ) ∝ 1
(sˆ−M2ρ )2 + (Im[M2(sˆ)])2
, (8)
where−iM2(sˆ) is the sum of all one-particle-irreducible insertions into the ρ propagator. In the limitMρ  Γρ
the cross section is dominated by the on-shell ρ exchange and Eq. 8 reduces to the standard Breit-Wigner
formula by substituting
− Im[M2(sˆ)]⇒ −Im[M2(sˆ = M2ρ )] = MρΓρ. (9)
4Generically the composite gluons can decay also to the partners of the light quarks thus reducing the Br(ρ → top partners),
however, as shown in [45], even these fields (partners of light quarks) in the anarchic scenarios are coupled predominantly to the third
generation SM fields, so the similar analysis will be relevant.
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In Appendix B we report the formula of Im[M2(sˆ)] and discuss the situation when the narrow width approx-
imation is expected to fail. Instead of performing the full simulation with the true propagator shown in Eq. 8,
we have divided our analysis into two parts. At first, we numerically calculate the total cross section using
the exact formula of the propagator for every point in the relevant parameter space of the model. In the next
step, in order to calculate the cut acceptance efficiencies, we first perform Monte Carlo simulation (including
parton shower and hadronization) using Madgraph/Pythia (see the following section for more details) in the
narrow width approximation. We then estimate the finite width effects on the cut acceptance efficiencies in the
following way:
• for every value of the composite fermion mass MX we calculate the cut acceptance efficiencies for
various values of the mass and width of the composite gluon. We denote it by MX (Mρ,Γρ).
• for every mass of the composite fermion MX we find the minimal efficiency by varying (Mρ,Γρ),
MinMX = Min[MX (Mρ,Γρ)] . (10)
We use MinMX as a conservative estimate of the cut acceptance efficiency for the process of pair production
(via composite gluon exchange) of the heavy fermions with mass MX .
Our procedure of estimating the efficiencies is well justified because of the fact that for a given value of the
partonic center of mass energy
√
sˆ, the angular distribution of composite fermion pair production is independent
of whether the full propagator of Eq. 8 or the narrow-width approximation is used. The difference is just an
overall factor, because the modification in going from the former (true propagator of Eq. 8) to the latter (narrow
Breit-Wigner resonance) is entirely a function of the kinematic variable sˆ. So the only modification will appear
in the sˆ-distribution which can be estimated by studying the distributions for various values of Mρ and Γρ (for
a fixed MX ). In order to estimate the error of this approximation we will also provide a comparison of the
approximate efficiencies with the exact calculation for a few benchmark points.
4 Details of collider simulation
In this section we briefly describe the steps followed to perform the simulation and the event selection criteria
used in our analysis. We have implemented the model in FeynRules 2.0 [49] and created the corresponding UFO
files for the Madgraph event generator [50]. Madgraph 2.2.1 has been used to generate the parton level events.
Subsequently the Madgraph-Pythia interface [51, 52] was utilized to perform the showering and hadronization
of the parton level events and implementing our event selection cuts. The parton distribution function CTEQ6L
[53] has been used throughout our analysis. We have employed the Fastjet3 package [55–57] for reconstruction
of the jets and implementation of the jet substructure analysis used for the reconstructing the top quarks and W
bosons.
As our goal is to recast the CMS [29] and ATLAS [28] 5 searches for the charge-5/3 top-quark partners in the
same sign di-lepton final state, we have tried to follow their event selection procedures as closely as possible.
For completeness, we present the step-by-step details of our analysis in appendix A.
We find that the cut acceptance efficiency varies in the range 0.019− 0.028 for both the ATLAS and CMS 8
TeV analyses (our efficiencies include the branching ratio of W boson into leptons). For the 14 TeV analysis
we find that the efficiency varies between 0.009 and 0.013.
5While this work was close to its completion, a new analysis by the ATLAS collaboration appeared [54] which found a slightly
stronger lower bound on the mass of charge 5/3 top partner, M5/3 & 840 GeV.
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5 Results
In this section we will present the final results of our study. We start by analyzing the current LHC constraints
on the composite gluons. Both the ATLAS and CMS collaborations have reported the exclusion limits on the
QCD pair production of the fermionic top partners. In order to constrain the heavy composite gluons, we recast
their results in the following way: we consider that a point in the parameter space of the model is excluded
if the number of events predicted by the model Nmodel is larger than the 95% C.L. exclusion limit reported
by the experimental collaborations. In our analysis we ignore the interference between the composite gluon
mediated pair production and the SM gluon contribution. This is a good approximation since the cross section
is dominated by the on-shell ρ production and only the qq¯ initial state contributes to the ρ mediated processes6.
As we have argued in the previous section, in order to accurately calculate the total cross section due to the
wide resonances one needs to know Im[M2(sˆ)] for all values of sˆ and not only on the mass peak. This requires
the full knowledge of the masses of the particles and their couplings in the range of interest of sˆ, which makes
it impossible to obtain completely model independent constraints. In this paper, as mentioned before, we have
decided to focus on theM45 model, which is the simplest composite Higgs construction containing charge 5/3
and −1/3 fields. The model given in Eq. 1-2 can be parametrized in terms of the five independent parameters,
Mρ, MQ, sL , g∗ and f . In our numerical simulations we set f = 764 GeV, which corresponds to 10% fine-
tuning of the electroweak symmetry breaking scale. The parameter c2 is fixed by requiring that the correct top
quark mass is reproduced (see Eq.18).
In our calculation we consider the same sign di-lepton state originating from the QCD and composite gluon
mediated pair production of the charge 5/3 and −1/3 fields and we ignore the sub-dominant contribution of
the charge 2/3 top partners.
The QCD pair production cross section was calculated using HATHOR [58] at NNLO. For the composite
gluon mediated contribution, we however used the Leading Order (LO) cross section. Note that, the higher
order corrections to the QCD pair production lead to an increase in the pair production cross section (see, for
example [59]) with the corresponding K-factors ∼ 1.5. Assuming that a similar increase happens also for
the composite gluon mediated contribution, our use of LO cross section gives an conservative estimate of the
expected bounds.
The exclusion plots presented in the Fig. 1-4 are obtained using the approximate efficiencies MinMX defined
in Eq. 10. However we crosschecked them against the true efficiencies for a few reference points using the
modified version of the Madgraph/Pythia interface, where the full energy dependence of the composite gluon
propagator was included. The results are presented in the Table 1. One can notice that our method leads to
a conservative estimate of the acceptance efficiencies and the difference between the true and approximate
efficiencies is always within 25%, thus justifying the use of the latter ones.
Let us start by looking at the current bounds from the LHC searches. In Fig. 1 we show the exclusion contours
in theMρ−MX plane for a fixed value of left-handed top compositeness, sL = 0.5. Similar exclusion contours
in the sL−MX plane are shown in Fig. 2 for two fixed values ofMρ,Mρ = 2.5 TeV andMρ = 3 TeV. We find
that the limits on the composite gluon mass relax substantially below the narrow width limit of 2.5 TeV [60,61]
once the decay channels into the composite top partners becomes open. However, the current searches for the
top partners still lead to interesting constraints on the composite gluons in the mass range of 2-3 TeV, for the
medium large composite gluon coupling g∗ ∈ [2, 3] and the width Γρ ∼ (0.1− 0.4)Mρ. For the smaller values
6In our analysis we have ignored the contribution of the single production of the composite fermions studied in [39, 41, 43]
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Figure 1: 95% C.L. exclusion contours in theMρ−MX plane for fixed value of sL = 0.5. Solid lines represent
the constraints obtained from recasting the CMS study and the dashed lines correspond to the ones from the
ATLAS study. The black (blue) lines correspond to the value g∗ = 2.5(3). The red dotted lines indicate the ratio
Γρ
Mρ
×
(
1
g2∗−g2QCD
)
. The orange and red vertical bands are the constraints from the CMS [29] and ATLAS [28]
searches respectively assuming only QCD production.
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Figure 2: 95 % C.L. exclusion contours in the sL −MX plane for two fixed value of Mρ, Mρ = 2.5 TeV (left
panel) andMρ = 3 TeV (right panel). Solid lines represent the constraints obtained from recasting the the CMS
study and the dashed lines correspond to the ones from the ATLAS study. The black (blue) lines correspond
to the value g∗ = 2.5(3). The orange and red bands are the constraints from the CMS [29] and ATLAS [28]
searches respectively assuming only QCD production.
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Reference points for 8 TeV LHC CMS 5/3 ATLAS 5/3 CMS −1/3 ATLAS −1/3
Mρ = 2.5 TeV, MX = 1 TeV, g∗ = 2.5 0.023(0.022) 0.023(0.023) 0.028 (0.024) 0.025(0.023)
Mρ = 2.5 TeV, MX = 0.9 TeV, g∗ = 3 0.025 (0.02) 0.023(0.022) 0.025 (0.22) 0.024 (0.023)
Mρ = 2.2 TeV, MX = 0.9 TeV, g∗ = 3 0.024 (0.02) 0.024(0.022) 0.026(0.22) 0.024(0.023)
Reference points for 14 TeV LHC 5/3 −1/3
Mρ = 5.5 TeV, MX = 2 TeV, g∗ = 3 0.016 (0.013) 0.015 (0.012)
Mρ = 5 TeV, MX = 2 TeV, g∗ = 4 0.015 (0.013) 0.016(0.012)
Mρ = 4.5 TeV, MX = 2 TeV, g∗ = 4 0.015 (0.013) 0.016 (0.012)
Table 1: The comparison between the true efficiencies and the MinMX (in parenthesis) defined in Eq. 10. The
mixing between left-handed top quark and composite fermions was set sL = 0.5 for all the reference points.
of the coupling g∗ narrow resonance searches will become the most important tool in constraining the new
colored resonances and for the larger g∗, the composite gluon contribution becomes sub-dominant.
LHC 14 TeV reach: In order to estimate the discovery reach at the 14 TeV LHC we have adopted the
analysis presented in Ref. [62]. We again present our results as 95% C.L. exclusion contours in the Mρ −MX
plane (Fig. 3) and sL −MX plane (Fig. 4). It can be noticed that composite gluons up to the masses . 6 TeV
and the fermions masses up to ∼ 2.1 TeV can be probed for g∗ ∼ 3 − 4. One can see from Fig. 3 that we can
easily probe the composite gluons with the decay width as large as 1 TeV, the parameter space which is not
covered by the narrow resonance searches.
Even though the expected 14 TeV constraints are weaker than the current bounds from the flavour violating
observables (e.g., K), one should notice that unlike flavour violating observables which scale as 1M2∗ [18] the
collider constraint gets stronger for smaller values of g∗ (for fixed value of M∗), leading to complementary
constraints for small/medium g∗. We would also like to comment that for a highly composite tL the left-handed
bottom quark bL becomes composite as well and can give an important contribution to pp → ρ process due to
the bottom parton density function. However, we find that this effect can contribute at most as
σ(pp(bb¯)→ ρ)
σ(pp(qq¯)→ ρ) . 2%
(g∗
4
)4( sL√
2
)4
, (11)
which is just a few percent for the values of the g∗ and sL we used in our study.
6 Conclusion
In this paper we have studied the collider phenomenology of the composite gluon within a composite Higgs
model framework. Our study focused on the region of the parameter space where the composite gluon is
kinematically allowed to decay into two fermionic top partners. In this region, typically the width of the
composite gluons is expected to be comparable to its mass thus rendering the traditional resonance searches less
effective [30]. However, as pointed out in [27], the contribution of the composite gluon to the pair production
of two top partners can be still significant. In this context, we have studied the current constraints as well as
high luminosity LHC prospects on the composite gluon using the additional contribution to the top partner pair
production mediated by the heavy gluon. As the calculation of the composite gluon contribution to the top
partner pair production cross section required knowledge of the full spectrum of the composite fields, we have
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Figure 3: Prospects of the 95% C.L. exclusion contours in theMρ−MX plane for fixed value of sL = 0.5. The
dashed (solid) lines represent LHC 14 exclusion reach for an integrated luminosity of 300 fb−1 (3 ab−1). The
blue (green) line corresponds to the value g∗ = 3(4). The red dotted lines indicate the ratio
Γρ
Mρ
×
(
1
g2∗−g2QCD
)
.
The red (orange) region is the exclusion prospects solely from QCD pair production at 300 fb−1 (3 ab−1).
chosen for simplicity to exclusively focus only on the modelM45. In our analysis, we have calculated the total
cross section treating carefully the finite width effects and we have performed a detailed collider simulations in
order to find a conservative estimate of the cut acceptance efficiencies.
We found that while the current data probes the composite gluon in the mass range 2 − 3 TeV, the high
luminosity LHC will expectedly do much better and the exclusion limits can be extended to composite gluon
masses of ∼ 6 TeV approaching very close to the mass range motivated by the flavour physics constraints.
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A Event selection criteria
In this appendix we present the details of our cut-and-count analysis used for recasting the ATLAS [28] and
CMS [29] 8 TeV results, and also the 14 TeV projection from [62].
A.1 ATLAS : 8 TeV
• Selection-I : An event is accepted only if it has exactly two leptons (electron or muon), both with the
same electric charge. All leptons are selected with a transverse momentum cut p`T ≥ 24 GeV and the
pseudo-rapidity |η| ≤ 2.4. Moreover, the region of pseudo-rapidity 1.37 < |η| < 1.52 is excluded.
Leptons are also required to satisfy the following isolation criteria,
(i) the distance between the lepton and any of the jets, ∆R(j `), must satisfy ∆R > 0.4 (see below for
the details of jet reconstruction)
(ii) the lepton should be far enough from all the other leptons, ∆R(` `) > 0.35
(iii)the ratio of the total hadronic transverse energy deposit within a cone of ∆R = 0.35 around the
lepton to the lepton transverse energy is ≤ 5%.
• Selection-II : If the same sign leptons are of electron flavour (e+e+ or e−e−), their invariant mass (mee)
is required to satisfy m`` > 15 GeV and |m`` −mZ | > 10 GeV.
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• Selection-III : Jets are constructed using the anti-kT [56] algorithm with the radius parameter R=0.4.
Only those jets which satisfy pjT ≥ 25 GeV and the pseudo-rapidity |η| ≤ 2.5 are selected. We demand
the presence of at least 2 such jets in every event.
• Selection-IV : Every event is required to have at least one b-tagged jet. A jet is identified as a b-jet
if it is close (∆R < 0.2) to a b-quark. For the b-tagging efficiency (b) we use the prescription from
reference [63] which gives b = 0.71 for 90 GeV < pT < 170 GeV and at higher (lower) pT it decreases
linearly with a slope of -0.0004 (-0.0047) GeV−1. Moreover, the probability of mis-tagging a c-jet (light
jet) as a b-jet is taken to be 20% (0.73%) [64].
• Selection-V : We define the effective mass of an event to be meff =
∑
j p
j
T +
∑
` p
`
T and demand that the
event satisfies meff > 650 GeV. Additionally, we also ask for a minimum missing transverse momentum
E/T > 40 GeV in every event.
A.2 CMS : 8 TeV
• Selection-I : An event is accepted only if it has exactly two leptons (electron or muon), both with the
same electric charge. All leptons are selected with a transverse momentum cut p`T ≥ 30 GeV and the
pseudo-rapidity |η| ≤ 2.4. Leptons are also required to satisfy the following isolation criteria,
(i) the distance between the lepton and any of the reconstructed top quarks must satisfy ∆R > 0.8 (see
below for the details of top quark reconstruction)
(ii) the lepton should be far enough from all the other leptons, ∆R(` `) > 0.35
(iii) the ratio (the IR threshold) of the total hadronic transverse energy deposit within a cone of ∆R =
0.35 around the lepton to the lepton transverse energy is ≤ 17.5%.
• Selection-II : If the same sign leptons are both electrons or both positrons, their invariant mass (mee) is
required to satisfy mee < 76 GeV or mee > 106 GeV.
• Selection-III : We construct “loose leptons” with a lower p`T cut of 15 GeV and relaxing the IR threshold
to 50%. Other selection criteria are kept identical to selection-I. We demand that all the same flavour
opposite sign lepton pairs satisfy m`` < 76 GeV or m`` > 106 GeV.
• Selection-IV : The number of constituents (Nc) in each event should satisfy Nc ≥ 7, where Nc is defined
as,
Nc = Nj +N` + 2NW + 3Nt . (12)
Here Nj is the number of jets which are constructed using anti-kT algorithm with a distance parameter
of 0.5 (AK5 jet). These jets are required to have pT > 30 GeV and |η| ≤ 2.4. Moreover, they must
be ∆R > 0.3 away from the leptons in selection-I and ∆R > 0.8 away from any other AK5 jet,
reconstructed top quark and reconstructedW boson. N` is the number of leptons counted from the same-
sign di-leptons selected in selection-I. NW and Nt refer to the total number of reconstructed top quarks
and W bosons respectively.
• Selection-V : meff > 900 GeV where meff =
∑
j p
j
T +
∑
` p
`
T. All the jets in the definition of meff must
be at least ∆R = 0.3 away from the selected leptons and ∆R = 0.8 away from any other jet.
In order to reconstruct the top quarks we used the Johns Hopkins top tagger (JHTopTgger) [65] in our
analysis. For the details of the steps followed in our simulation we refer the readers to section 3.2 of [66]. Here
we briefly mention the differences compared to [66]. While constructing the fat-jets we used R = 0.8. Unlike
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Ref. [66], we did not demand any limits on δp, δr and cosθh. However, the fat-jet is required to have pT > 400
GeV and the pairwise invariant mass of the three highest pT subjets is required to be greater than 50 GeV. The
invariant mass of the subjets is required to be roughly consistent with the top mass, within the range 100 GeV
- 250 GeV.
In order to reconstruct the W bosons we have used the algorithm proposed by Butterworth, Davison, Rubin,
and Salam (BDRS) [67] to study the case of a light Higgs boson (mH ∼ 125 GeV) produced in association with
an electroweak gauge boson. For the step-by-step details of the algorithm, we refer our readers to Ref. [68]. The
values of the parameters chosen in our analysis are exactly same to those used in Ref. [68] except the fact that
we constructed the fat-jets with R = 0.8 and asked for exactly 2 subjets in it. The fat-jets were also required to
satisfy pT > 200 GeV. The two subjets should also have an invariant mass in the range 60 -100 GeV.
A.3 14 TeV projections
• Selection-I : At least two same-sign leptons with p`T ≥ 30 GeV and the |η| ≤ 2.4. The leading pT lepton
should also satisfy p`T ≥ 80 GeV. While checking lepton isolation we only impose the criteria (ii) and
(iii) mentioned in the previous section.
• Selection-II : Same as Selection-II in the previous section.
• Selection-III : Same as Selection-III in the previous section.
• Selection-IV : The number of constituents Nc > 5, where Nc is defined in the same way as the previous
section except thatN` now refers to the number of leptons (with pT ≥ 30 GeV) excluding the two leptons
used for the same-sign di-lepton requirement.
• Selection-V : meff > 1500 GeV where meff is the scalar sum of the transverse momenta of all leptons and
jets in the event with pT > 30 GeV. The missing transverse momenta E/T and the sum meff + E/T must
also be more than 100 GeV and 2000 GeV respectively. Moreover, the leading and the second leading
jets in transverse momentum are required to satisfy pT > 150 GeV and 50 GeV respectively.
We have used the same prescription as detailed in the previous section to tag the top quarks and the W
bosons, the only difference being that the invariant mass of the subjets (minv) are now required to satisfy
140 < minv < 230 GeV and 60 < minv < 120 GeV for top tagged jets and W tagged jets respectively.
B Kinematics
In this section we will report some useful formulas for ρ production and decay. We will assume that the part of
the Lagrangian responsible for the production and decay of ρ is given by,
L ⊃ gprod q¯ taγµq ρaµ + gdec χ¯1taγµ(1 + a12γ5)χ2ρaµ . (13)
The partonic cross-section of q¯q → ρ→ χ¯1χ2 can be written as,
σˆ(sˆ) =
g2prod g
2
dec
54pisˆ
(
sˆ− (mχ1 −mχ2)2
) 1
2
(
sˆ− (mχ1 +mχ2)2
) 1
2
(sˆ−M2ρ )2 + (Im[M2(sˆ)])2
×{
(1 + |a12|2)
[
sˆ− sˆ(m
2
χ1 +m
2
χ2) + (m
2
χ1 −m2χ2)2
2sˆ
]
+ 3mχ1mχ2(1− |a12|2)
}
. (14)
13
Ref. points Mρ, Mf , gdecay decay width σTrue σTrue/σNW
A Mρ=3 TeV, mχ=1.45 TeV, gdecay = 5 374 GeV 0.033 pb 0.9
B Mρ=3 TeV, mχ=1.2 TeV, gdecay = 5 788 GeV 0.061 pb 1.25
C Mρ=3 TeV, mχ=1 TeV, gdecay = 2 145 GeV 0.079 pb 1.01
D Mρ=3 TeV, mχ=1.495 TeV, gdecay =5 121 GeV 0.029 pb 0.42
Table 2: Comparison of the true cross section σTrue with that obtained using narrow width approximation σNW
(where −Im[M2(sˆ)] was substituted by ΓρMρ) for a few reference points. The coupling gprod has been set to
unity. The hadronic center of mass energy was set to be equal to
√
Shad = 8 TeV.
One can now compute the hadronic cross section in proton-proton collision which, following the standard
notation, can be written as
σhad = 2
∫ 1
0
dτσˆ(Shadτ)
∫ 1
τ
dx
x
∑
q
fq(x)fq¯(τ/x) , (15)
where the sum is over the parton distribution functions of all the light quarks inside the proton and the symmetry
factor of two appears due to the interchange of the two partons in the initial state. In order to calculate the
partonic cross section we need to know the Im[M2(sˆ)] which, using the Cutkosky rules, can be written as,
− Im[M2(sˆ)] = 1
2
∑
f
∫
dΠf |M(ρ→ f)|2 , (16)
whereM(p → f) is the matrix element of the process [ρ → final state f ] assuming that ρ has a mass p2 = sˆ
and dΠf is the corresponding phase space factor. For example, assuming that the resonance ρ only decays to
χ¯1χ2 fermions states the corresponding Im[M2(sˆ)] can be written as,
Im[M2(sˆ)]χ¯1χ2 = −
g2dec
24pisˆ
θ(
√
sˆ−mχ1 −mχ2)
[
(sˆ− (mχ1 +mχ2)2)(sˆ− (mχ1 −mχ2)2)
]1/2 ×{
(1 + |a12|2)
[
sˆ− sˆ(m
2
χ1 +m
2
χ2) + (m
2
χ1 −m2χ2)2
2sˆ
]
+ 3mχ1mχ2(1− |a12|2)
}
. (17)
In order to understand the effect of finite width of the composite gluon in a more quantitative way we con-
sider a simplified model where the ρ exclusively decays into the χ¯χ pair of composite resonances with the
mass mχ. With this assumption, we compute the true production cross section as well as the one using fixed
width approximation. The results are presented in the Table 2 and the Fig. 5, where we show the differential
cross section as a function of the invariant mass of the fermion pair. One can observe that the narrow width
approximation is reproducing neither the shape nor the the integrated production cross section once the narrow
resonance limit, Γρ Mρ, is not satisfied. Another region where the narrow width approximation fails is near
the threshold 2mχ = Mρ. This can be understood by noticing that the total width vanishes above this threshold
(i.e., 2mχ > Mρ) unlike Im[M2(sˆ)].
C Minimal composite Higgs modelM45
In this section we briefly review the minimal composite Higgs model (we urge the interested readers to refer to
the original literatures [8,41] for more details) which is based on the SO(5)/SO(4) symmetry breaking pattern.
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Figure 5: Normalized differential cross section as a functions of the invariant mass of the fermion pair, for√
Shad = 8 TeV collisions. The black, blue, red and orange lines correspond to the reference points A, B, C
and D respectively defined in table 2. While the solid lines correspond to the true cross section, the dashed lines
correspond to the fixed width approximation.
In this paper we consider the composite gluon extension of theM45 phenomenological model presented in [41].
The interaction between top quarks and composite fermions can be parametrized as
LM45 ⊃ −MQQ¯Q+ yf(ΨL)IUIiQiR + yc2f(ΨL)IUI5t5R (18)
where Q is a multiplet (4-plet of SO(4)) of the composite top partners,
Q = 1√
2

iB1/3 − iX5/3
B1/3 +X5/3
iT 12/3 + iT
2
2/3
−T 12/3 + T 22/3
 (19)
and ΨL and tR stand for the SM fermions which are embedded into incomplete multiplets of SO(5) namely,
Ψ =
1√
2

ibL
bL
itL
−tL
0
 , t5R =

0
0
0
0
tR
 . (20)
The 5× 5 matrix U containing the goldstone Higgs is given by (in the unitary gauge),
U =
 13 cos hf sin hf
− sin hf cos hf
 . (21)
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The masses of the charge 5/3 and −1/3 particles are given by, M1/3 =
√
M2Q + y2f2 and M5/3 = MQ
respectively. The masses of the charge 2/3 fermions are given by the 3× 3 matrix c2yf√2 sin vf yf cos2 v2f yf sin2 v2f0 −MQ 0
0 0 −MQ
 , (22)
where the lightest field is the SM top quark and the other two fermions have the masses M1,2/3 = MQ,
M2,2/3 =
√
M2Q + y2f2 (1 + O(v2/f2)). The strength of the mixing between elementary and composite
fields can be parametrized by the mixing angle
sL ≡ sin θL = yf√
y2f2 +M2Q
. (23)
Extension of this setup by composite gluons was presented in [40] and the relevant part of the Lagrangian is
given by
LQCD = −1
4
ρ2µν +
F 2
2
(g∗ρ∗µ − gA∗µ)2 + gE¯γµEA∗µ + g∗C¯γµCρ∗µ, (24)
where A∗ and ρ∗ are the elementary and composite gluons respectively and C, E denote generic composite and
elementary fermion fields. One can now find the mass eigenstates corresponding to the SM gluon Aµ and its
partner ρµ,
ρµ =
g∗ρ∗µ − gA∗µ√
g2 + g2∗
, Aµ =
gρ∗µ + g∗A∗µ√
g2 + g2∗
. (25)
The QCD interaction is given by the term
gg∗√
g2 + g2∗
Aµ
(C¯γµC + E¯γµE) (26)
which gives,
gQCD =
gg∗√
g2 + g2∗
≈ g in the limit g  g∗ . (27)
The couplings of the elementary and composite fermions to the heavy gluon can be written as
ρµ
√g2∗ − g2QCDC¯γµC − g2QCD√
g2∗ − g2QCD
E¯γµE

≈ ρµ
(
g∗C¯γµC −
g2QCD
g∗
E¯γµE
)
. (28)
Eq. 28 reveals that the composite gluon interacts with the composite fermion resonances with strength ∼ g∗.
Moreover, they will interact strongly also with the third generation SM fermions due to their strong mixing
with the composite sector. The rest of the SM fermions couples to ρ with a suppressed strength g2/g∗.
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